A new calibration technique was developed for implementation in microwave moisture sensors. The calibration permittivity function used for this purpose allows computation of moisture content in granular materials with signijkant differences in shape, dimensions and composition independent of bulk density and with temperature compensation. A threedimensional representation is used to plot the calibration permittivity function as it depends on temperature and moisture content in wheat and corn. For each material, data points form a surface that is a plane. These planes have nearly the same coefficients which can be utilized for the development of a "universal" calibration method for moisture sensing in natural and manufactured granular materials. Foundations of the method are discussed, based on results obtained for wheat and corn over a wide temperature range and at moisture contents of practical interest. expressed in terms of the two components of the complex permittivity. In this paper, this permittivitybased calibration function is used to investigate foundations of a new calibration technique for a "universal" type microwave moisture sensor. Results from permittivity measurements on corn and wheat at a given frequency over wide ranges of bulk density, moisture content and temperature show that the calibration permittivity function is both densityindependent and material-independent. This confirms previous findings [2], [5] and reinforces the possibility of a "universal" calibration method.
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Calibration uermittivitv function and uhvsical proDerties
Here, physical properties of granular materials refer to their bulk density (p), moisture content (M), temperature (T) and geometry and composition. The calibration permittivity function is defined in terms of the dielectric properties [4] as:
Introduction
Dielectric methods are increasingly being used for the development of reliable sensors for on-line determination of physical properties of materials such as bulk density and moisture content without disturbing the process in progress [I]- [3] . Unlike most conventional techniques, these methods provide realtime information nondestructively and in most instances without contact with the material. The essence of microwave dielectric methods for moisture sensing is based on the coupling between the electromagnetic energy of the incident wave and the material under consideration. It is well known that at microwave frequencies water strongly affects the relative complex permittivity, E = E' -j~" where E' is the dielectric constant and E" is the dielectric loss factor. However, these are not the only properties influencing the complex permittivity.
It is also dependent on frequency, temperature, bulk density and composition [2] . Hence, accurate determination of moisture content in a given material from measurement of its dielectric properties relies on development of calibration equations which eliminate or account for effects of variables other than moisture content. The calibration function used in this study is fully 0-7803-5890-2/001$10.00 0 2000 IEEE where af is a frequency-dependent coefficient. The density-independent character of w has been shown for various granular materials, i.e., wheat, corn, oats and rapeseed over wide ranges of bulk density [2] - [5] . At a given frequency, w increases linearly with moisture content and temperature [6: ]. Effects of structural geometry and composition were not investigated quantitavely. However, it was concluded that is relatively independent of these two physical properties [3] , [5], making y not only independent of the bulk density but also independent of the material. Therefore, at a given frequency and for each material, I, U is plotted as a function of moisture content and temperature only to generate moisture calibration equations with temperature compensation.
"Universal" tvue calibration technique for moisture determination in granular materials
Calibration of a microwave sensor for routine online determination of moisture content is crucial for the accuracy and repeatability of the measurements. Usually, the moisture calibration equation involves several compensation terms which account for effects of different physical properties, and often an individual calibration equation is required for each material. This complicates the calibration procedure and increases the occurrence of errors. A better performance is achieved by minimizing the number of compensation terms and, ideally, by defining a single calibration equation that remains valid for different materials. The calibration permittivity function defined in (1) fulfills these requirements and was tested for wheat and corn. Fig. 1 and Fig. 2 show variation of v a s a function of temperature and moisture content at 14.2 GHz for wheat and corn.
These three-dimensional representations reveal that data points obtained for each material lie in the same plane, forming a network of nearly parallel straight lines. For each material, a regression analysis provides the equations listed in Table 1 for indicated ranges of bulk density, moisture content and temperature. Although wheat and corn kernels have pronounced differences in shape, dimensions and composition, the coefficients of the fitting equations are nearly the same, implying that a single calibration equation can be used to predict moisture content in wheat and corn from measurement of their dielectric properties at microwave frequencies. The moisture calibration equation for both materials, with temperature compensation, can be written according to eqs. (2) and (3), see Table 1 , of the form:
where a, 6 , and c are empirically determined constants and is the temperature in Kelvin. For each material, the standard error of calibration is less than 1% moisture content. Errors in moisture determination are mainly related to errors in dielectric properties and temperature measurements. Equation (4) is the basis for the development of a "universal1' type microwave moisture sensor operating at a single frequency with continuous compensation for temperature changes. This will provide a concrete opportunity for standardization of dielectric-based moisture sensing methods in many industries. 
